Repeat proteins are composed of tandem arrays of 30-to 40-residue structural motifs and are characterized by short-range interactions between residues close in sequence. Here we have investigated the equilibrium unfolding of D34, a 426-residue fragment of ankyrinR that comprises 12 ankyrin repeats. We show that D34 unfolds via an intermediate in which the C-terminal half of the protein is structured and the N-terminal half is unstructured. Surprisingly, however, we find that we change the unfolding process when we attempt to probe it. Single-site, moderately destabilizing mutations at the C terminus result in different intermediates dominating. The closer to the C terminus the mutation, the fewer repeats are structured in the intermediate; thus, structure in the intermediate frays from the site of the mutation. This behavior contrasts with the robust unfolding of globular proteins in which mutations can destabilize an intermediate but do not cause a different intermediate to be populated. We suggest that, for large repeat arrays, the energy landscape is very rough, with many different low-energy species containing varying numbers of folded modules so the species that dominates can be altered easily by single, conservative mutations. The multiplicity of partly folded states populated in the equilibrium unfolding of D34 is also mirrored by the kinetic folding mechanism of ankyrin-repeat proteins in which we have observed that parallel pathways are accessible from different initiation sites in the structure.
R
epeat proteins, such as ankyrin, leucine-rich, and tetratricopeptide repeats, consist of tandem arrays of a structural motif of 20-40 aa that stack in a roughly linear fashion, creating elongated and superhelical architectures. The 33-aa ankyrin motif adopts a helix-turn-helix-loop conformation (1) (2) (3) . Ankyrin repeats function as protein-interaction modules in a diverse range of cellular processes including control of the cell cycle and transcription (1) . Of particular interest are a number of large ankyrin-repeat proteins (ankyrins) that interact with membrane transporters, cell-adhesion molecules, and ion channels and function as intracellular adaptors targeting a diverse range of proteins to specialized membrane domains (4) (5) (6) (7) . An ankyrin-repeat protein of an ion channel found in hair cells of the inner ear has been proposed to act as a molecular spring that, in response to mechanical stimuli produced by movement or sound, causes the ion channels to open and thereby allow electrical signals to be sent to the brain (8, 9) ; similar mechanical roles have been proposed for ankyrin-repeat proteins involved in other biological processes (10) .
The structures of repeat proteins are dominated by interactions between residues close in sequence, either within a repeat or between adjacent repeats. Thus, they are in striking contrast to the more commonly studied globular proteins in which there are many interactions between distant residues giving rise to complex topologies. This peculiar characteristic of repeat proteins raises a number of questions to researchers in protein folding. One issue in particular is the cooperativity of unfolding of repeat structures, given the lack of long-range contacts. To date, proteins containing between three and seven ankyrin repeats have been studied (11) (12) (13) (14) (15) (16) (17) (18) (19) , and most unfold in an apparent two-state manner at equilibrium (according to the criterion of the equivalence of denaturation curves obtained by using different spectroscopic probes). Ankyrinrepeat proteins, therefore, do not seem to be any less cooperatively folded than globular proteins of similar size. Analysis by Mello and Barrick (20) of the seven-ankyrin-repeat domain of Notch has suggested that cooperativity in repeat structures arises because the repeat-repeat interaction is highly stabilizing, whereas the repeats themselves are intrinsically unstable.
Folding simulations of proteins containing between three and seven ankyrin repeats have predicted that, for proteins composed of larger numbers of ankyrin repeats, subdomains will be decoupled, because the entropic cost of folding is no longer balanced by the enthalpic gain (21) . To investigate the extent of long-range cooperativity across multiple repeats, we have looked at the equilibrium unfolding of a large ankyrin-repeat protein, known as D34, comprising the 12 C-terminal ankyrin repeats of the 24-ankyrinrepeat domain of ankyrinR. AnkyrinR is a multidomain protein that consists of an ankyrin domain, a spectrin-binding domain, a death domain, and a C-terminal regulatory domain that links a diverse set of proteins to the membrane-associated spectrin-actin cytoskeleton. The ankyrin domain mediates many of these proteinprotein interactions including ion channels, calcium-release channels, and cell-adhesion molecules (4). We find for D34 that a partly folded intermediate is populated under mildly denaturing conditions. We show by mutation that the intermediate contains folded C-terminal repeats and unfolded N-terminal repeats. We show that, when this intermediate is destabilized by mutation, then different intermediates can be detected. Thus, for a large repeat array, the energy landscape may be very rough, with many low-energy species containing varying numbers of folded modules; consequently, the species that dominates can be altered easily by single, conservative mutations. This behavior contrasts with the unfolding mechanisms observed for globular proteins that seem to be more robust (i.e., a single mutation can greatly destabilize a partly folded intermediate but cannot cause alternative intermediate species to be populated). The multiplicity of partly folded states populated in the equilibrium unfolding of D34 is also mirrored by the kinetic folding mechanism of repeat proteins in which there are parallel pathways with folding initiated at more than one site in the structure (refs. 21 and 22; unpublished data; and R. D. Hutton, A. R. Lowe, and L.S.I., unpublished data).
Results and Discussion
Urea-Induced Unfolding of D34 Is Reversible and Involves the Formation of a Partly Structured Intermediate. D34 consists of the 12 C-terminal ankyrin repeats of the ankyrin domain of human ankyrinR (residues 402-827). To facilitate comparison with the crystal structure, the same numbering system for amino acids and ankyrin repeats was used. In a screen of different buffer conditions, D34 was found to be more resistant to aggregation in buffers containing high concentrations of salt, and it was more stable relative to the unfolded state in higher-pH buffers. The conditions chosen for the denaturation experiments, therefore, were 50 mM Tris⅐HCl buffer (pH 8.0)/150 mM NaCl/1 mM DTT at 25°C. The unfolding process was followed by fluorescence of the single tryptophan of D34, located at position 600 in the loop between the sixth and seventh ankyrin repeats ( Fig. 1) , by using an excitation wavelength of 280 nm. The wavelength of maximum fluorescence is 343 nm for the native state, which is consistent with the solventexposed environment of the tryptophan in the crystal structure (23) (Fig. 2A) . The spectrum of the denatured state is red-shifted with a wavelength of maximum fluorescence of 357 nm and is quenched compared with that of the native state (Fig. 2 A) . However, at urea concentrations close to the unfolding transition (e.g., 2.5 M urea), the emission spectra are red-shifted but not quenched relative to the native state, suggesting that unfolding of D34 cannot be described by a simple two-state model (Fig. 2 A) . The denaturation curves obtained by plotting the fluorescence intensity at various wavelengths underline this observation, particularly at higher wavelengths (Fig. 3) . The data can be fitted to a three-state model for the transition between the native state (N) and the unfolded state (U), N º I º U, in which there is a hyperfluorescent, red-shifted intermediate species (I) (Eq. 1). The denaturation curves obtained at higher wavelengths contain more information on the two transitions than those obtained at lower wavelengths, but they are noisier. To overcome this problem, the data were fitted globally (i.e., the denaturation curves at 0.5-nm intervals from 323 to 373 nm were fitted by sharing the m values and midpoints of unfolding, and all of the other parameters were left unconstrained; see Materials and Methods). This approach has been applied successfully elsewhere (24) . The parameters obtained are shown in 4 (which has been shown to stabilize intermediates), were not successful.
The unfolding of D34 is reversible under the conditions used, as shown in three different experiments. First, at each wavelength the denaturation curve of refolded D34 superimposes with the unfolding curve and gives the same m values and midpoints of unfolding within experimental error (Fig. 3B) . Second, in CD experiments the refolded protein recovers the helical ellipticity of the native state. Third, in stopped-flow experiments the refolded protein unfolds with the same kinetics as does the native protein (data not shown). There was no change in the unfolding behavior when measurements were made at different protein concentrations: at protein concentrations of 1.1 and 4 M, the same m values and midpoints of unfolding, within experimental error, were obtained, which indicates that none of the species are oligomeric. Because the probe in the fluorescence experiments, W600, is located in the middle of the 46-kDa protein at a distance of Ϸ50 Å from both termini, we wondered what types of conformational changes it detects and whether these changes correspond to a substantial unfolding event or the local unfolding of a region in close proximity to the tryptophan. To address these questions, ureainduced unfolding of D34 was monitored by far-UV CD, which is a useful probe of ␣-helical structure. Although the denaturation curve obtained by CD shows a transition occurring in the same range of urea concentration as the transitions observed by fluorescence, in contrast to the fluorescence data there is no obvious indication of an intermediate (Fig. 4) . This result can be interpreted in two different ways: (i) the fluorescence-detected intermediate represents a minor conformational change that occurs in the proximity of the tryptophan residue and does not involve the unfolding of (helical) ankyrin repeats, or (ii) the two unfolding transitions occur within too narrow a range of urea concentrations to be resolved in the CD-monitored denaturation curve, because the signal changes associated with the two transitions are of the same sign using this probe (unlike the fluorescence data for which, at least at the higher wavelengths, the changes occur in opposite directions).
D34 has, in addition to the 12 ankyrin repeats, a C-terminal extension comprising an unstructured loop that folds back onto the concave surface of the six C-terminal ankyrin repeats (repeats [19] [20] [21] [22] [23] [24] . The most C-terminal residue within this loop that is resolved in the crystal structure, E812, is only 6 Å away from W600 ( Fig. 1) . Disruption of the packing interactions between the loop and the ankyrin repeats before the unfolding of the repeats themselves could explain the unfolding behavior observed, in accordance with hypothesis i. The model was tested by using a truncated variant of D34 that lacks the C-terminal extension (⌬D34, residues 402-798). However, although this variant is destabilized relative to the wild type, it nevertheless displays qualitatively the same unfolding behavior with a hyperfluorescent intermediate (Fig. 5 ). This result, therefore, is inconsistent with hypothesis i, in which the formation of the intermediate corresponds to a minor change in conformation local to the tryptophan residue.
To test hypothesis ii (in which both transitions detected by fluorescence involve major conformational changes but only a single transition is observed by CD because the respective midpoints are very close together), we looked at the effect of conservative mutations throughout the protein. Seven valine residues, each located at position 18 of their respective ankyrin repeat, were replaced by alanine to obtain information across the whole of the structure (Fig. 1) . The mutations delete both intra-and inter-repeat contacts. Three of the mutants (V486A, V519A, and V585A), all located in the N-terminal half of the protein, showed a distinct separation of the two unfolding transitions compared with the wild Errors represent SDs from repeat measurements in the case of the fluorescence data and SEs of the fitted parameters in the case of the CD data. type. This behavior was apparent in both the fluorescence-and CD-monitored denaturation curves (Fig. 4) . Fitting of the fluorescence data and the CD data gave the same m values and midpoints of unfolding as each other, within error (Table 1) . From the data fitting it can be seen that the separation of the two transitions arises because the mutations have a destabilizing affect on the first transition only, with a decrease in the midpoint of 0.5-1.5 M compared with wild type, whereas the second midpoint is only slightly altered if at all. The small changes in the second midpoint on mutation may arise from an underestimation of this parameter for the wild type because of the overlap in the two transitions; a similar explanation may also apply to the different m values obtained for the wild type compared with the mutants. A fourth mutation, V420A, located in the first repeat of D34 (repeat 13), has only a very small effect on the unfolding of D34; therefore, it is not discussed further. It is easier to understand the effect of the mutations by plotting out the hypothetical transitions corresponding to the unfolding of the native state to the intermediate and the intermediate to the denatured state, as shown at the 365-nm emission wavelength in Fig. 6 overlaid on the observed denaturation curve. The mutations shift the N-to-I transition to a lower midpoint while not changing the I-to-U transition, which results in a separation of the two transitions and the intermediate being populated to a greater extent; consequently, the hyperfluorescence of I is more apparent in the denaturation curve. It is difficult to reconcile the behavior of the N-terminal mutants with a model in which the first transition corresponds to only a local change in the environment of W600 (i.e., hypothesis i) (25) , the best characterized being the ␣-helical protein Im7 (26, 27) .
C-Terminal Mutations Result in the Population of Different Unfolding
Intermediates. Mutations in the C-terminal half of the protein (V651A, V717A, and V750A) have a very different effect on the unfolding behavior of D34 compared with N-terminal mutations. Instead of separating the two unfolding transitions, the mutations resulted in a large increase in the m value of the first transition, which was apparent by both fluorescence and CD. Fitting the fluorescence data to the three-state model gave a very steep first transition characterized by a large m IϪN and a D50 IϪN shifted slightly to lower urea concentrations (by 0.2-0.35 M depending on the mutation) relative to wild type ( Fig. 5 and Table 1 ). The second transition was very broad and characterized by a small m DϪI . We note that the m IϪN value is highest for V750A, followed by V717A and then V651A. The effect of the mutations can be understood most easily by examining the plots of the hypothetical N-to-I and I-to-U transition, as shown in Fig. 6 for the data at 365-nm emission. The effect of the mutations is seen also in the shape of the CD denaturation curves, in that the observed transition appears steeper compared with that of the wild type (Fig. 5) . Although only one transition can be clearly discerned, the CD data do not fit well to a two-state model, consistent with there being two transitions. The reason why the two transitions are more apparent by fluorescence than by CD is that the fluorescence of the intermediate is very different from that of the native and denatured states (at higher wavelengths at least), whereas the ellipticity of the intermediate is partway between that of the native and denatured states.
In summary, the results suggest that the transition from the native state to the intermediate involves a larger change in solventexposed surface area for the C-terminal mutants than for the wild type and that the more C-terminal the location of the mutation is, the greater this change in solvent-accessible surface area is. At the same time, the m DϪI value decreases the more C-terminal the mutation. The results are summarized in Fig. 7 . We can conclude that the C-terminal mutations cause different unfolding intermediates to be populated.
Model for the Equilibrium Unfolding of D34. The data presented in this article are consistent with a model (Fig. 8 ) in which the six N-terminal ankyrin repeats of wild-type D34 unfold first at equilibrium, followed by the six C-terminal repeats. We emphasize that six is only an approximation. Mutation of residues in the N-terminal repeats results in the separation of the midpoints of the two unfolding transitions, because the N-terminal moiety is destabilized and the C-terminal moiety is not. Thus far, therefore, the protein behaves in a similar way to globular proteins. However, destabili- zation of the C-terminal repeats after mutation results in a much more dramatic change in the unfolding of the protein. For these mutants, the first transition now corresponds to the formation of a different intermediate consisting of a smaller number of folded repeats. The more C-terminal the location of the mutation is, the greater the number of repeats that unfold in the first transition.
It is interesting that, as judged by the m values, the transition from the native state to the intermediate in wild-type D34 seems to be cooperative, whereas the transition from the intermediate to the denatured state is not. This result suggests that the N-terminal half of the protein is more cooperatively folded than the C-terminal half. In the schematic shown in Fig. 8 , we interpret this lack of cooperativity in the unfolding of the C-terminal half of the wild type by proposing that intermediates containing varying numbers of folded C-terminal repeats, similar to those we observe in the unfolding of the C-terminal mutants, are also populated (albeit to a lesser extent) in the wild type. A mutation will destabilize the native state and those intermediate states that contain folded structure at that site but not an intermediate that is unstructured at that site; hence, the latter intermediate will dominate in the mutant.
The less cooperative unfolding of the C-terminal half of D34 may be, in part, a consequence of the C-terminal extension loop. The loop folds back on the ankyrin structure and makes numerous van der Waals contacts as well as hydrogen bonds with residues in the C-terminal repeats (Fig. 1) . These interactions may stabilize subdomains of the C-terminal half of the protein, causing this region to unfold in a noncooperative manner. The results obtained for the truncated variant ⌬D34 support this view. ⌬D34 behaves in a qualitatively similar manner to the C-terminal mutants in that the m value of the first transition is larger than that of the wild type, and the m value for the second transition is smaller. It is also interesting that for all of the C-terminal mutants, there is still a high degree of cooperativity in the first transition (as judged by the m values) even though this transition now involves the unfolding of a greater number of repeats than for the wild type. Therefore, six does not seem to be the maximum number of repeats that can unfold in a cooperative manner. We have not attempted to quantify the model in a manner similar to the analysis by Bradley and Barrick for Notch (28) , because the lack of cooperativity observed for the unfolding of the C-terminal subdomains means that true free-energy changes cannot be calculated.
Pivotal Role for the Interface Between the Middle Two Repeats of D34.
The observation that the unfolding behavior of D34 is different depending on whether the mutation is located in the six N-terminal or C-terminal ankyrin repeats supports the estimation from the CD data of six repeats unfolding in the first transition. The pivotal role of the loop region between the sixth and seventh repeats (repeats 18 and 19) was noted previously in proteolysis experiments on D34 in which each six-repeat half of the protein was identified as a stable subdomain (29) and also in steered molecular dynamics simulations showing that the interactions between repeats 18 and 19 were disrupted first before the global unfolding of the protein (8) . Atomic force microscopy studies of a 12-ankyrin-repeat fragment of ankyrinB indicate that six repeats unfold cooperatively before the sequential unfolding of the remaining repeats (30) , and the subdomain structure may have implications for ankyrin function, because two substrate-binding sites have been identified in the 24-repeat ankyrin domain and the sites act in a synergistic manner (31) . It will be interesting to determine whether ankyrin variants that have altered subdomain structures, such as the C-terminal mutations of D34 described here, respond differently to mechanical unfolding.
Energy Landscape of D34. The presence of multiple intermediates implies a very rough energy landscape with many energetically similar minima, the relative populations of which are consequently affected by small perturbations such as conservative mutations. In this way, the ensemble of intermediates can be described as plastic. The picture that arises from the study of D34 fits well into the bigger picture of the folding and stability of ankyrin-repeat proteins in that the intrinsic instability of an isolated repeat gives rise to the energetic coupling of the repeats, which leads to cooperative unfolding transitions and folding mechanisms polarized within one part of the structure. The mutational studies in this work support this view: destabilizing the (C-terminal) repeats, by decreasing the intrinsic repeat stability or the stability of the inter-repeat interface, causes more repeats to unfold in one transition, because the stability of a repeat is sensitive to the folding status of the neighboring repeats.
Previous studies of the seven-ankyrin-repeat Notch domain indicated a breakdown in cooperativity after mutation of residues in repeats six or seven (28) . The lack of cooperativity was detected by a small discrepancy in the denaturation curves monitored by different probes. Likewise, in studies of the seven-ankyrin-repeat protein gankyrin we have observed deviations in two-state behavior upon mutation within a localized part of the structure (R. D. Hutton and L.S.I., unpublished data). By contrast, in our study we can readily observe the population of an intermediate in the unfolding of the wild-type protein by fluorescence and, for some of the mutants, by CD also, making D34 a useful model system for further studies of cooperativity in linear-repeat proteins. Moreover, because it is very well behaved, particularly considering its large size, D34 is particularly suited to such studies. It unfolds in a reversible manner and without misfolding or aggregation; this feature may be another way in which the behavior of repeat proteins differs from that of globular proteins, since the unfolding of large globular proteins is often found to be irreversible or only partly reversible because intermediate species are populated that are prone to aggregation. Computer simulations of ankyrin repeats have made a number of predictions about their properties, including that the cooperativity breaks down when the protein contains more than six or seven repeats (21) . The results presented here, as well as those on the seven-ankyrin-repeat proteins Notch and gankyrin, bear out this prediction. However, the behavior of the C-terminal mutants of D34 suggests that as many as 11 ankyrin repeats can unfold in a single step, and it is possible that a variant could be designed in which all 12 repeats of D34 unfold together. Thus, the potential degree of cooperativity in ankyrin-repeat proteins seems to be even greater than perhaps was first envisaged, and the ability to modify their folding properties in a regular way is a particularly exciting prospect for future research.
Materials and Methods
Chemicals were obtained from Sigma-Aldrich or BDH, and enzymes and oligonucleotides were obtained from Sigma-Aldrich or Stratagene. Sequencing was performed by MRC Geneservice (Cambridge, U.K.).
Protein Expression and Purification. D34 contains the 12 C-terminal ankyrin repeats of the ankyrin domain of human ankyrinR (residues 402-827) and was a kind gift from P. Michaely (University of Texas Southwestern Medical Center, Dallas, TX). It was recombinantly expressed and purified as described (23) , except NaCl was used in the purification buffers instead of NaBr. Site-directed mutagenesis was performed with the QuikChange kit (Stratagene), and successful clones were identified by sequencing. Purified protein was dialyzed into Tris⅐HCl buffer (pH 8.0), 150 mM NaCl, and 1 mM DTT at 4°C overnight and stored at Ϫ80°C. Protein purity was checked by SDS gel electrophoresis and mass spectrometry, and concentration was determined from the absorbance at 280 nm.
Fluorescence Experiments. Aliquots of urea solutions were prepared by dispensing the appropriate volumes of 10 M urea solution in buffer [50 mM Tris⅐HCl buffer (pH 8.0)/150 mM NaCl/1 mM DTT] and buffer alone by using a Hamilton MicroLab M. Protein stock in buffer was then added to a final concentration of 2.2 M. The samples were equilibrated at 25°C for 2 h before measurement. Fluorescence measurements were made by using a PerkinElmer luminescence spectrometer LS55. The cell was thermostated to 25°C by using a water bath. The excitation wavelength was 280 nm, and the excitation and emission bandwidths were 5.0 nm. Wavelength scans between 320 and 380 nm were performed for each sample at a scan speed of 1 nm⅐s Ϫ1 . Denaturation curves were plotted at 0.5-nm intervals between 322 and 373 nm, and the curves were globally fitted to the following equation assuming a three-state model in which the fluorescence intensity of the folded and unfolded states, F N and F U , respectively, have a linear dependence on denaturant concentration, but the fluorescence intensity of the intermediate, F I , is constant:
where F is the observed fluorescence intensity, m is a constant that is proportional to the increase in solvent-accessible surface area between the two states involved in the transition, D50 IϪN and m IϪN are the midpoint and m value, respectively, for the transition between the native state, N, and the intermediate, I
, and D50 UϪI and m UϪI are the midpoint and m value, respectively, for the transition between I and the unfolded state, U. Data were fitted to this equation by using Graphpad Prism 4.0 with the m and D50 values shared between the data sets; all other parameters were not constrained.
CD Experiments.
To improve the signal-to-noise ratio for CD measurements, the buffer conditions were modified slightly [20 mM Tris⅐HCl buffer (pH 8.0)/150 mM NaCl/1 mM dithioerythritol] compared with the fluorescence measurements. Protein stocks were dialyzed into this buffer before measurements. Sample preparation was as for fluorescence, but the protein stock concentration was 6-9 M. Samples were incubated at 25°C for 2 h. Far-UV CD spectra were then collected on a Jasco (Easton, MD) J720 spectropolarimeter or an Aviv Circular Dichroism Spectrometer Model 215 with a cuvette of 0.4-cm path length and a thermostated cell. For native proteins (at 0 M urea), at least four spectra between 200 and 250 nm were recorded and averaged to determine whether the spectrum had the expected shape. At all other urea concentrations, the ellipticity at 222 nm was recorded, and at least 10 points were averaged. Where possible, curves were fitted to a three-state model (see Eq. 1) by using Graphpad Prism 4.0.
